In order to assess the possible effects of occupational levels of 50 Hz magnetic fields (MF) on human performance it is preferable to monitor performance during rather than subsequent to MF exposure. We previously reported studies of heart rate and cognitive behaviour where the issue of contamination was not a serious one. Our present study involves electrophysiological measures, which have a greater capacity to identify the effects and assist in localising them. The contamination of EEG signal by the MF exposure is clearly a problem in this type of study. Previous investigators have not reported these types of measurement concurrent with MF exposure due to the contamination difficulty; but this paper reports means of accomplishing this. Overall a combination of 12 methods for reducing pickup were employed. These were: 1) Distancing recording instruments from the MF source; 2) Shielding the devices and wiring; 3) Appropriate choice of cables; 4) Grounding the instrumentation; 5) Orientation of conduits; 6) Isolation of electrical mains power supplies; 7) Balancing the input impedances; 8) Applying a driven shield technique; 9) Improved electronics design incorporating pre-amplification and circuit impedance level control; 10) Analogue filtering; 11) Signal Averaging; and 12) Post acquisition digital filtering using frequency and time domain techniques.
Introduction
Previous studies we have conducted on the effects of occupationally relevant levels of 50 Hz magnetic fields on human performance have focussed on heart rate and cognitive factors 1, 2 . We have recently concluded an electrophysiological study, because of its greater ability for identifying small changes in brain function. Since it is not known whether effects on brain function would be manifest for local or whole body magnetic field (MF) exposure, it seemed prudent to design the facility for a whole body exposure even though the intention was to focus on the brain for MF studies. The design entailed having some of the electronic recording instrumentation in the exposure zone because of the nature of the recording. This concept was not entirely integrated into previous studies in other laboratories 3, 4 due to the complexity involved. As the MF exposure facility itself is the interference source in the experiments, the MF cannot be eliminated at the origin. This paper addresses the complications incurred and consequently overcome in the design and integration of the computerised real-time data and signal acquisition system. Interference rejection in the neurophysiological tests is more challenging than in the cognitive behaviour tests because of the wiring needed to conduct tiny EEG signals. The efforts described in this report enabled carrying out the human experiments with: (i) jitterfree display of cognitive behaviour instructions; and, (ii) reliable recording of the neurophysiological signals, concurrent with the MF exposure.
Materials and methods
Two separate categories of clinical assessments were to be conducted requiring independent hardware. The assessments were: (i) cognitive behavioural; and, (ii) neurophysiological. The assessments required evaluating the response to external stimuli, with the instrumentation residing in the exposure chamber with the subject. The apparatus was designed and constructed to perform the assessments according to the clinical standards as applied commonly in hospital environments.
Exposure facility
The apparatus, comprising a Merritt et al. 5 type modified two orthogonal sets of Helmholtz, four-square coil system (see Fig. 1 ) was designed and constructed at Swinburne University of Technology. Design drawings of the wooden frames were described in the earlier heart effects study 2 . The frames were grouted to allow insertion of two sets of windings in each frame. The windings had separate connections to the electronic outputs. When MF exposure was selected the current flowed through the coils in the same direction (field enhancing); and for sham exposure, the adjacent windings' current was reversed (field cancelling). Hence no auditory or thermal clue was presented to the subject.
With a 50 Hz AC current of 886 mA using ) ( 65 .
22
T I B rms P a uniform circularly polarised field of 20 T P (rms) or 28.4 T P ±1% was achieved within the 0.8 m radius from the centre of the coils. A 0.2 m high wooden platform was located inside the wooden frames as a false floor to ensure positioning of the subject seat in the middle of the uniform region. The circular polarisation was by means of offsetting the current phase in one of the coil sets by 90q. A zero-current crossing method was used in the square-wave on-off transitions to prevent artefacts. The MF generator was composed of four major subcomponents using Integrated Circuit (IC) based electronics: a power supply generating isolated +/-5 V, +/-12 V, and +/-26 V supplies to the electronic elements; a signal generator producing filtered 50 Hz square waves; and two other separate modules built to pass a square-waveform to the amplifying electronics or convert it into sinusoidal waveform. Standard audio amplifier IC circuits were used to provide current to energise the coils. The design of the electronics hardware, shown in Fig. 2 , were detailed in a set of drawings 6 .
In the tests, wires had to be connected directly to the subject; thus, special consideration was given to the safety of the subjects by following appropriate design principles 7 and relevant statutory regulations [8] [9] [10] . According to IEC 601-1 the international standard for medical electrical equipment, in design of the apparatus, type of protection against electrical shock was Class 1, and degree of protection against electrical shock was Type BF. The instrumentation design considered safety of the subjects via galvanic isolation. The nominal maximum leakage current in the design was 50 μA rms . The input circuit was equipped with an isolation capacitance of < 30 pF (for input impedance of 100 Mȍ).
Human trials
The intention in the human laboratory ELF EMF research was to realise any effect within time frame of a few minutes. This yielded evaluation of both lower-order (neurophysiological) and higher-order (cognitive) CNS functions during exposure. Previous clinical research on this topic did not provide sufficient emphasis on measurements simultaneous with exposure.
Cognitive behavioural assessment
Among the two past behavioural studies similar to this, one 1 
Neurophysiological assessment
One of the most commonly recorded bioelectrical signals is the electroencephalogram (EEG) discovered by Berger 13 measured from an array of small electrodes attached to the scalp with a reference electrode formed from connections to the earlobes. Berger suggested that EEG changes reflected mental status and activity. The experiments included utilisation of standard evoked response (ER) recording equipment via procedures commonly used for neurological clinical assessments. Usually hundreds of ER epochs locked to the stimuli were averaged.
ERs peak (maxima -P) and trough (minima -N) time delay i.e. latency, amplitude (PV) and waveform changes are the factors considered in the human brain response analysis. A typical application is P300, latency of a positive potential occurring approximately 300 ms after a stimulus. Removing artefacts from EEG has been discussed by others 14 . A theoretical comparison between independent component analysis and principal component analysis i.e., regression 15 was studied by Jung et al. 16 . These approaches were towards removing subject related artefacts (eye movement, blink, muscle activity, heart) and line noise from EEG/ER signals in topography. However, there has been minimal discussion in the literature pertaining to strong MF interference contamination in ER.
EEG signals are vulnerable to a wide range of EMF. The environmental RF noise elimination of EEG is easier to tackle 17 because of the large difference between RF and endogenous biological frequencies. In this research, the capacitive coupling of MF with the electrode leads and the recording amplifiers were the main source of interference. Shielding the leads with mu-metal has been suggested 18 but intricate to implement. The electricity mains noise effect on biomedical amplifiers has been considered by some [19] [20] [21] [22] nevertheless their approach, useful in ordinary clinical applications, does not handle strong MF interference. Although there have been a few publications discussing 50 Hz noise rejection from ECG 23, 24 , no publication specifically examined physical approaches on 50 Hz noise rejection from EEG in an intentionally introduced strong 50 Hz EMF exposure. The noise rejection publications mainly considered the 50 Hz EMF as an incidental unwanted environmental interference of low magnitude. The noise reduction in ECG is far easier than in EEG as the amplitude is one thousand times larger; thus, less susceptible to interference. Also, whilst ECG has a distinctive QRS waveform, EEG is a more complex and less regular signal.
Visual evoked response (VER) to a sudden change of viewed pattern can be studied by identifying the peak and latency of the averaged electrical response observed in brain signal recording. The brain signal was recorded using the international 10-20 system of EEG electrode placement 25 . The subjects were asked to concentrate on a monitor located remotely (outside the coils) displaying an 8 x 8 checkerboard pattern with its squares switching between black and white continuously (reversal rate 1 Hz). The electrode cups, nonpolarisable Ag/AgCl type, were connected to Medelec Sapphire EEG recording equipment [Vickers Medical Division, Medelec Ltd., Manor Way Old Woking, Surrey GU22 9JU UK]. The same equipment was also used for auditory evoked response (AER) experiment however using a headphone instead of the monitor for auditory stimuli using clicks of 0.1 ms duration. In our pilot experiments, it was realised that peak amplitude and latency were less reliable than inter-peak latency (IPL); thus, it was decided to use the IPL; and the peaks chosen were N75, P100 and N145 in VER and N1, P1, N2 and P2 in AER. These peaks are usually the more distinguished ones and common in clinical applications. Hence, the variables considered were VER's "P100 -N75" and AER's "N145 -N75", "P1 -N1", "N2 -N1" and "P2 -N1" IPLs.
The 50 Hz MF interference surfaced as artefact in the biopotential response signal recordings; as the main source of interference was MF of the exposure facility, calling this category of noise an "artefact" may be a misnomer. The noise was the capacitive and inductive coupling into the wiring and instrumentation PCBs.
Power frequency interference
As a preliminary experiment to gauge the amount of pick-up in the leads, a simple representation of human subject was derived by inter-connecting three electrodes with 5 k: resistors. The recording as shown in Fig. 3 illustrates the degree of interference which needed a broad realization of noise rejection techniques. 
Noise rejection
The phrase noise is somewhat broad; and, it may involve mains interference (50 Hz), ongoing background EEG, artefacts (eye and muscle movements), distortion (due to filtering and nonlinear amplifiers), instrument noise (thermal/Johnson and shock), environmental EMF (including RF) interference, random components and other unwanted signals all contributing to the contamination of an ER recording. This paper attempts to assess noise rejection methods focusing on the 50 Hz interference. These methods were based on the following concepts: 1) Distancing recording instruments from the MF source; 2) Shielding the devices and wiring; 3) Appropriate choice of cables; 4) Grounding the instrumentation; 5) Orientation of conduits; 6) Isolation of electrical mains power supplies; 7) Balancing the input impedances; 8) Applying a driven shield technique; 9) Improved electronics design incorporating preamplification and circuit impedance level control; 10) Analogue filtering; 11) Averaging; and, 12) Post processing e.g. digital filtering using cancellation techniques (frequency or time domain).
It should be made clear that phase-locked methods were unavailable because of the circularly polarised magnetic field used in the exposure system. The subject was able to move his/her head and thus the phase did not remain constant with respect to the recording electrodes. Because the facility was designed for generating multi-frequency MFs, the 50 Hz was derived via a quartz oscillator rather than from the mains.
Application of all the above schemes was found to be necessary due to the magnitude of the interference. Implementation of these techniques was as follows.
1) Separation
In order to reduce interference to the recording instrumentation, this was located outside the exposure chamber with the EEG electrode probes' extension cable just long enough to connect the subject inside the exposure room to the instruments outside. A length of 6.25 m cable run avoided significant signal degradation. Since the interference from the coils on the external equipment reduces by 1/d 3 , the separation distance of 2.5 m was satisfactory. However, some items had to be within the chamber by necessity.
2) Shielding
With the wall, door and physical distance providing some segregation between inside and outside the room, different metal barriers were also inserted along the wall to test for further field reduction. Aluminium, galvanised iron and stainless steel sheets (both plane and perforated) were tested but with no significant reduction (< 2 μT flux drop). Using copper may have improved the shielding effect, but large size rigid copper sheets were not at hand. To achieve a perfect shield, the whole exposure facility would have to be fully enclosed in a 3 m cubical mu-metal box to be effective but this was impractical and costly. Moreover, the most susceptible section of the EMI was the preamplifier part of the instrumentation that inevitably had to be located close to the subject; hence, these were shielded using aluminium foil.
3) Wiring
The probe wires connected the subject to the Medelec Sapphire recording input via a central pendant incorporating a preamplifier (see Fig.1 ). Whilst any individual wire was shielded, every pair was twisted inside an overall screen, in a shielded conduit. Elementary "good practice" was exercised e.g. avoiding looping of the cables to minimise induction coupling; the wires linking the subject to the preamplifier were run as close together as possible and as secure to the skin as feasible to minimise their length and movement 26 (see also (5) below). 4) Grounding All the wiring was shielded and the shield grounded to eliminate the capacitive coupling. Magnetic coupling elimination could be helped by grounding at both ends of the shielding; but, it was impractical to apply this method to the probes connecting the preamplifier to the subject. Thus the preamplifier input wires were shielded using an aluminium adhesive tape. It is worth noting that ground loops could also contribute to the 50 Hz interference, so all the instruments' grounds were integrated to minimise this contamination.
5) Orientation
The wires connecting the subject to the Sapphire were run in a military style flexible metal armoured conduit inserted in a PVC pipe conduit from the centre of the exposure facility to outside the room perpendicular to the coil panels. This was to curtail the MF projection onto the wires. 6) Isolation of supplies The electricity mains power supply for the instrumentation was fed from a power outlet different from the feed to the MF generator. Despite using different power outlets, the possibility remained that they could still be "phase-locked" to each other. The quartz oscillatorderived 50 Hz signal for the MF generator provided some isolation.
7) Balancing
The impedance between the electrodes varied from subject to subject. Low electrode impedance also depends on how good the skin preparation is. Unequal electrode impedances degrade the common mode rejection. Hence the two active and reference electrode impedances were balanced. however it does prevent extra causes of SNR reduction.
8) Driven shield
The driven shield approach utilised a simple operational amplifier (OpAmp) circuit designed and built inhouse incorporating off-the-shelf standard electronic components. An OpAmp was configured to feed back any induced interference in the wiring back to the wiring screen to reduce the overall induction effect. The circuitry was inserted at the end of the wiring before the Medelec Sapphire inputs. 9) Analogue filtering The hardware filters included a low pass filter (LPF) and a high pass filter (HPF) with the frequency setting adjustable. In the VER tests: (i) LPF was set at 1 Hz with roll-off at 6 dB/octave; and, (ii) HPF 100 Hz with roll-off at 12 dB/octave; and, for the AER: (i) LPF 1 Hz with roll-off at 6 dB/octave; and, (ii) HPF 50 Hz with roll-off at 12 dB/octave.
Generally, these LPFs and HPFs did not have noticeable influence in the interference rejection effort. However, an analogue circuit was used for removing the 50 Hz frequency content via a notch filter. The efficiency of the filter depended on how close to and stable the quartz oscillator-derived 50 Hz MF frequency was. This was within 0.25 Hz as observed on an oscilloscope using a search coil. There could be a risk of losing other, possibly important, frequency components of the ER if the notch is made too wide. 10) General electronic design consideration In addition to 1-9 above, general design considerations were implemented such as: locating the preamplifier inside the chamber, as close as possible to the electrodes (with the main amplifier outside the room); and, checking of EMC aspects of the various modules of the system.
11) Averaging
On top of all the necessary practical tasks in 1 -10 above, mathematical tools have been commonly used to minimise the noise effect and enhance SNR. Signal averaging is one of these tools 27 . In an ER recording, the normal EEG background is also part of the noise 28 which can be minimised using averaging 26 . Applying this technique yields steady-state evoked response (SSER). SNR can be enhanced when recording the SSER. Although the total noise power would possibly be more than the total ER power, the concentration per Hz of ER power is generally wider than the concentration per Hz of noise 29 . Employing this scheme helps immunise the VER partially against the typical artefacts 30, 31 . The EEG signal is already known as an unsystematic looking signal superimposed on a noisy background. ERs are very low amplitude potentials superimposed on the ongoing EEG. While, the VER and AER are distinctly visible on EEG recording even before averaging; and, they can be observed on routine EEGs during low-frequency visual or auditory stimulations, the responses to repeated identical trials are averaged to allow the potentials to be noticeable from any background EEG signals 32 . The formula can be written as per Eq. 1 and realised via numerical methods software. 
where, N is the number of sweeps; t is time (s); and, T is the EEG snapshot period. While the first implementation of such approach was made in electronic hardware 33 , nowadays, is via software. The averaging was employed in to record the VER (N = 512, T = 330) and AER (N = 256, T = 220).
When averaging, the signal was summed in proportion to the number of repetitions; thus, if the noise happened to be random it would sum more slowly and a 20 dB noise reduction is easily obtainable by this method 26 . However, the noise in this research was not quite random. So, while the reduction was inadequate the SNR of the averaged signal improved. Averaged SNR is SNR/¥n; where n is number of samples 34 . In the VER experiment, SNR ave was effectively SNR/¥512; and, for the AER experiment, SNR ave was SNR/¥256. This meant the VER signal improved ¥512 = 22.63 times i.e. 20 log¥n = 20 log¥512 = 27 dB; and, the AER signal improved 16 times i.e. 24 dB.
An estimated improvement due to the noise reduction measures could be defined as 20 log (A aven /Ɩ aven ); where, A aven is the ER average after signal averaging with noise; and, Ɩ aven is the ER average average after applying the measures described in 1-10 above. We estimated the improvement to be at least 14 dB. Whilst applying all the methods discussed produced some degree of noise reduction, some residual 50 Hz interference remained.
12) Digital filtering
In order to improve the ER signal, the data were post-processed for extra SNR enhancement using digital filtering. Digital filters can be either adaptive or global. The latter method entailed subtracting a well defined signal in terms of frequency, phase and amplitude, from the data 35 . However, this was not practical in our case, since the phase of the interference signal could be distorted by EEG-related noise. In the absence of distortion the method of van der Tweel and Verduyn 32 applied to EEG time locked to a stimulus to can be applied. The former, adaptive filter method that eliminates the interference by subtracting a known frequency interference signal from the recorded data 36 was deemed to be more satisfactory. The subtracting signal could be estimated using the fast Fourier transform (FFT). Applying the FFT to the data, the interference frequency could be detected by analysing the highest peak in the vicinity of 50 Hz. Matlab subroutines (m-files) were developed to analyse the data [Matlab software, designed in Indiana Univ, USA]. The results were then transferred to another database (Excel compatible) to be used for post processing. The graphs in Fig. 4 demonstrate the analogue filtered signals superimposed on the original (unfiltered) data.
A normalising technique was instituted in this study to allow a more precise comparison of the two (sham and exposure) waveforms. Since the variation observed was less than 20 ms, absolute values of the amplitude and latency data might be error prone. So, the IPLs with normalised amplitudes were more reliable parameters when studying biopotential effects in strong EMF. The normalisation algorithm found the relevant maximum and minimum, and then scaled the data removing the baseline. Having applied the normalisation, the output (following analogue and digital filtering and normalisation) was as shown in Fig. 5 . The software then calculated the IPL for each plot and output the results for statistical analysis. The same procedure was applied to the AER.
Instrument settings
Since the biopotential of our interest, EEG is a noisy-looking signal by nature, i.e. contains sharp transitions, the sampling frequency in recording was of utmost importance. While low sampling frequency resulted in aliasing, higher sampling frequency yielded redundancy. The sampling could not be a multiple of 20 ms (1/50 Hz) to avoid 50 Hz locking effect. To help eliminate the locking effect, the stimulus rate and sweeping (number of elements in the digitised data recording array) were not chosen as a harmonic of 50 Hz. The sampling frequency was 3,333 Hz, satisfying Nyquist Theorem 37 with f s min 400 Hz far more than twice the highest frequency content of typical EEG known to be up to 40 Hz with harmonics 38 up to 300 Hz considering transients and harmonics in ER studies. After the sampling, the data were digitised by rounding to the nearest figure. The digitisation was implemented in the analogue-todigital converter (ADC). The ADC should incorporate lowpass filtering to reject frequencies higher than the Nyquist frequency. Sampling frequency for single-channel real-time recording was 3.333 kHz. Thus, the degree of uncertainty in finding latency of a local minimum or peak was at worst half of one sampling period that was 2.5 Ps. Therefore our experimental set-up was capable of detecting any real-time latency alterations wider than a window of 5 Ps.
The process of sampling and digitisation yielded a 12 bit quantisation. In reconstruction of the data, there was an inevitable loss of information due to rounding of analogue values of the ER amplitude to discrete figures; and, the brain function details between two consecutive signal samples could be overlooked. The digitisation noise effect can be estimated using the following formula 39 
:
Digitisation noise = 1.76 + (6.02 × no. of bits) (2) = 74 dB (for 12 bits) Another common noise in instrumentation is Johnson noise 40 . This intrinsic noise, from thermal agitation of electrons within the conductor and resister elements 41 , was assumed to be minimal compared to other noise in EEG. Solid state elements in the EEG instrumentation also produced internal noise; but again this noise was assumed trivial compared to other noise, hence ignored. This assumption was also extended to the digital circuits' noise which is due to the high switching speed 42 and possibly of radiated and conducted emission types.
Laptop computers use relatively low-voltage displays and produce less interference. Unfortunately the very fast processors in the laptop could cause RF interference 26 . Thus in between the two neurophysiology and cognitive behaviour tests the laptop was put in standby.
Discussion
ERs, like EEG, arise from within the brain, but the ERs result from applying specific stimuli to the body's sensory system and are localised to a particular area of the brain. Unfortunately, other EEG activity usually masks the brain response to a single stimulus. However, the use of repetitive stimuli and the technique of signal averaging can yield an evoked response valuable for detecting any biological effect. It is via simultaneous EMF exposure and ER recording only that one can acquire information on acute brain effects of MFs, thus there was no alternative but to record the ER in real-time then filtering the interference noise. While each of the techniques described above have their own merits and deemed necessary to be implemented, the digital filtering method was the most effective method in reducing the 50 Hz pick-up.
Engineering aspects of interference elimination and signal-processing details (noise elimination filters) applied to biological signal waveform with respect to different ELF (e.g. 50 Hz) exposure flux levels were not explored adequately in previous EMF literature. There was indeed a need for more research in this area. The possibility was not eliminated that at a high flux EMF, while the noise was more distinct, the elimination efficiency might not be as high as in lower flux EMF when using the same hardware and software filters. Hence, the previous EMF dose-effect research might lack reliability due to the "wide-window" filtering application i.e. results prone to error. This may elucidate why in some cases, a higher MF level exposure was reported to have no or smaller effect compared to a lower exposure magnitude; in other words, contradictory dose-effect correlation.
Conclusion
This project tackled the complications incurred and consequently overcome in the design and integration of the computerised data and signal acquisition system. Interference rejection in the neurophysiological tests was more challenging than in the cognitive behaviour tests because of the wiring needed to transmit tiny EEG signals. A simultaneous use of all the methods described in this paper enhanced the SNR sufficiently to allow the brain signal to be distinguished from noise. Consequently, reliable evoked responses as well as the cognitive behaviour measures were recorded concurrent with the MF exposure. In conclusion, the efforts described in this paper enabled carrying out the clinical trials with: (i) jitter-free display of cognitive behaviour instructions; and, (ii) reliable recording of the neurophysiological signals, during the MF exposure. The experimental results on acute effect on the human brain due to 28.4 μT MF exposure will be presented in a subsequent paper.
